
Mammal Study 21 : 125-136(1996)

© the Mammalogical Society of Japan

Variation of the mitochondrial DNAand the nuclear

ribosomal DNAin the striped field mouse Apodemus
agrarius on the mainland and offshore islands of

South Korea

Sang Hoon Han 1

, Shigeharu WAKANA2 , Hitoshi SUZUKI3
,

Yasukazu Hirai 4 and Kimiyuki TSUCHIYA1 *

1 Experimental Animal Center, Miyazaki Medical College, Kiyotake, Miyazaki 889-16, Japan
2 Department of Genetics, Central Institute for Experimental Animals, Nogawa, Miyamae-ku, Kawasaki

213, Japan

^Division of Bioscience, Graduate School of Environmental Earth Science, Hokkaido University,

Kita-ku, Sapporo 060, Japan
* Institute of Plant Breeding, Tokyo University of Agriculture, Tokyo 156, Japan

'Present address : Institute of Applied Zoology, Faculty of Agriculture, Hokkaido University, Kita-ku,

Sapporo 060, Japan)

*To whom correspondence should be addressed

Fax. 0985-85-6951, e-mail, tsuchiya @ postl. miyazaki-med. ac. jp

Abstract. Restriction fragment variations in nuclear ribosomal
DNA(rDNA) spacers, and in mitochondrial DNA(mtDNA), were
examined in a total of 14 individuals of the two Korean subspecies

of the striped field mouse : Apodemus agrarius coreae, collected

from the mainland and Jindo and Geoje islands, and A. a. chejuen-

sis collected from Cheju Island. Analysis of heterogeneity in

rDNA spacers with ten restriction enzymes, showed that the main
Korean populations of A. a. coreae have a similar genetic back-
ground irrespective of their geographic locality. In the popula-
tion from Cheju Island, however, an accumulation of a specific

variation, a new Sad site within the internal spacer region of

rDNA, was observed. In the contrast, analysis of heterogeneity of

mtDNA with ten restriction enzymes, revealed that mtDNA ha-

plotypes from the offshore islands were distinct from one another
and distinct from those of the mainland, with up to 4% of sequence
divergence, which corresponds to 1-2 million years of divergence
time. It is suggested that certain geographic conditions, such as

the existence of a large number of small islands, may help preserve

various mtDNA haplotypes which diverged many millenial ago.

Key words. Apodemus agrarius, mitochondrial DNA (mtDNA), restriction

fragment length polymorphism (RFLP), ribosomal DNA(rDNA), striped field

mouse.

Striped field mice, Apodemus agrarius, are widely distributed from north-east

Europe to East Asia, including the Korean Peninsula and the island of Taiwan.

Two subspecies are represented in South Korea, A. a. coreae of the mainland
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and numerous offshore islands, and the endemic A. a. chejuensis of Cheju Island

(Cheju-do) a large island in the Korean Straits (Jones and Johnson 1965).

Although genetic characterization is required to elucidate intra-specific varia-

tion, only a few reports concerning karyotypic (Tsuchiya 1984), isozymal

(Tsuchiya 1984), and mitochondrial DNA(mtDNA) variation (Koh et al 1993)

are available at present. In the last two decades, both intra- and inter-specific

genetic analysis have been performed at the DNA level, based on restriction

enzyme fragment length polymorphism (RFLP), for nuclear genomic ribosomal

DNA(rDNA) (Arnheim et al 1980, Wilson et al 1984, Hillis and Davis 1986,

1988, Suzuki et al 1986, 1987, 1990, Allard and Honeycutt 1991), and for cyto-

plasmic mtDNA (Yonekawa et al 1981, 1988, Ferris et al 1983). The rRNA
loci exist as a multigene family which consists of several hundred copies in the

animal genome. Each repeating unit of rDNA is composed of three rRNA
genes, namely those for 28S, 5.8S, and 18S RNA, which are separated from each

other by spacers. The spacers are known to evolve rapidly and exhibit consid-

erable RFLP between populations and species (Arnheim 1983). Most of the

mutations, recognized by Southern blot analysis, have been fixed to yield-

specific repeating unit types (repetypes) within populations or species during

the course of their differentiation. Since each of the restriction sites evolves

both in concert and independently (Suzuki et al. 1994), data for a set of

variations of such sites reflects reproductive divergence of populations and

such data are useful for the evaluation of genetic relationships. In contrast,

variation in mtDNA occurs independently of the divergence of populations.

Because of the lack of recombination between different mtDNA, and because of

the lack of evidence for the existence of wandering males, in some cases a

population may include considerably differentiated haplotypes, which had

already diverged before the particular populations had diverged. In other

cases, mtDNA may also shed light on unknown historical aspects of popula-

tions. In the case of the Japanese house mice, for example, mtDNA had an

ancient haplotype prior to the invasion of the Japanese archipelago (Yonekawa

et al. 1981, 1988), whereas in the case of house mice in Denmark, only mtDNA
from other subspecies spread to the population (Ferris et al. 1983). In this

study we compared RFLPs of both rDNA and mtDNAfrom several populations

of two subspecies of A. agrarius from South Korea. From the variations in the

nuclear rDNA, we concluded that although the two subspecies are clearly very

closely related to one another, they are genetically different. We also dis-

covered that there are several distinct haplotypes of mtDNAamong the popula-

tions of A. a. coreae indicating that they have a somewhat complex evolution-

ary history.

Materials and Methods

1. Animals

Fourteen Korean striped field mice were collected for use in this study from

eight different localities on the South Korean mainland and adjacent islands,



Han et al., Molecular variation in Korean striped field mice 127

100 200 km

42°

| \ /vT J (

L - -
40°

T!
zv^T

£asr Sea;
i

1
j P&ongVangJ^-V

j / Jo C<f J \ !

38°

1

c -? v^ \ / A,

! ^-^ A__-^ ^~\ fy^ " Gknsung
|

"*

f~
"-5—5* ^_, /^ ^^ V — — T

~~ ""

I ^^ ^UOL^ Republic ^\
j

1 cxA^^r^^?^
Yellow Sea JD ^r X j

| ^ S I

36"
1 \)

|

-
j

'""

""

p r \

34° N H
q

4Jir

Isl.

#d Yang san

Uj^" i

J 3 Geoje Islrj

/Tsushima!

_ £_ L -

1
iSoSfc 5

i

Chejulsl.

JSpan

k So
124°E

Fig. 1. Localities from which individuals Apodemus agrarius were collected.
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Fig. 2. Southern blot patterns of DNAcleaved with EcoRl (a and c), and Sad (b). The

probes were 0.9-kb 18SA (a and b) and whole mtDNA (c). Refer to Fig. 3 for locations of the

probes of rDNA. Individuals from Gan sung (lanes 2, 3), Yang san (lanes 4, 5), Geoje (lanes

6, 7), Jindo (lanes 8), and Cheju (lanes 9-15) islands are compared. Lanes 1 and 16 show

EcoTlAl digests of A phage DNAused as molecular markers.
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the heights above sea level of these localities were 370 m, 70 m, 30 m, 30 m, 30 m,

980 m, 1280 mand 1700 m, for site numbered 1-8, respectively (see Fig. 1). On
Cheju-do samples were collected from four different points.

2. Blot Analysis

Nuclear DNAwas prepared from liver samples, as described by Maniatis

et al. (1982), then southern blot analysis was carried out according to Suzuki et

al.'s (1990) method. Genomic DNAsamples were subjected to digestion with

ten restriction enzymes (Aatl, BamRl, Bglll, Dral, EcoRl, Hindlll, Pstl, Pvull,

Sacl, and Xbal) for rDNA analysis. For mtDNA analysis, digestion was by

means of Apal, Aatl, BamHl, Bglll, Dral, EcoRl, Hindlll, Pstl, Pvull, and Sacl

(Xbal was not used). Digested DNA (on nylon filters) was hybridized seq-

uentially with three 32 P-labeled rDNA probes, 18SB, 28S, and INT, and with

complete mtDNA. Such sequential hybridization improves the accuracy of the

measurement of fragment size, improves the confirmation of complete DNA-
digestion and also minimizes laborious work as well as reducing various

artificial errors. The rDNA probes (see Fig. 2) were prepared from clones of

mouse rDNA, following Kominami et al. (1981, 1982). The mtDNAprobe was
prepared from rat liver, as described by Wakana et al. (1986).

3. Construction of Phylogenetic Trees

Webegan by comparing the restriction cleavage patterns between pairs of

mtDNA haplotypes (Table 1) and by counting the different fragments and the

fragments in common. Employing a method developed by Gotoh et al. (1979),

in which both backward and parallel mutations are taken into account (Jukes

and Cantor 1969), we were then able to produce a matrix of sequence divergence

(Table 2) for all possible combinations of haplotypes (Table 1). Weconstruct-

ed phylogenetic trees for both the unweighted pair-group (UPGMA; Sokal and

Michener 1958) and the neighbor-joining (NJ ; Saitou and Nei 1987) methods.

This was possible thanks to a computer program (NEIGHBORin PHYLIP 3.5c)

developed by Felsenstein (1993). From the information relating to the presence

or absence of each restriction fragment (Table 1), we were also able to produce

a phylogenetic tree for maximum parsimony. For this we used the MIX
program, with a "Wagner" option, in the PHYLIP package. Confidence levels

for each grouping were calculated by using a bootstrap program (SEQBOOT),
with 500 replicates, in the PHYLIP package. The tree itself was produced

using the CONSENCEprogram in the PHYLIP package.

Results

1. Heterogeneity in rDNA spacers

Examples of autoradiographic pictures of blotting with the rDNA probe

18SA can be seen in Fig. 2a and b. From the patterns of the Southern blotting,

we constructed restriction maps for the coding and spacer regions of genes for

rRNA (Fig. 3). These maps coincided well with the major types of rDNA
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Table 1. Presence (1) or absence (0) of the 68

ten mtDNA haplotypes in Korean striped field

Mammal Study 21 : 1996

restriction sites of mitochondrial DNAin the

mice, Apodemus agrarius.

Haplo- Population(s) b

type a (frequency ) Aatl Apal BamU:[ Bglll Dral EcoRl Hindlll Pstl Pvull Sad

Aacl 1(1) 00110110 1100 1011 1000110 1100100011 0001100011 101010100 1001 01001 1000011

Aac2 1(1), 2(1) 10000110 1011 1011 0100111 1100100011 0001100101 101010100 1001 01001 1000011

Aac3 2(1) 10000110 1011 1011 0100111 1101000011 0001100101 101010100 1001 01001 1000011

Aac4 3(1) 00110110 1100 1100 1100100 1100100011 1000000100 100110110 1001 00111 0011111

Aac5 3(1) 01000111 1100 1100 1100100 1100100011 1000000100 100110110 1001 00111 0011111

Aac6 4(1) 10000110 1100 1100 0011011 1000001111 0100000100 100110110 0111 00111 0101011

Aahl 5(1), 7(2) 01000111 1100 1011 0010111 1100100011 0010100100 101010100 1001 10000 1000011

Aah2 6(1), 8(1) 10000110 1100 1011 0010111 1100100011 0010100100 101010100 1001 10000 1000011

Aah3 6(1) 10000110 1100 1011 0010111 1100100011 0010100100 110001001 1001 10000 1000011

Aah4 8(1) 10000110 1100 1011 0010111 0110110011 0000111100 110001001 1001 10000 1000011

a Aac and Aah represent haplotypes from A. agrarius coreae and A. a. chejuensis, respectively.

b Numbered as in Fig. 1

c Total number of samples observed.

Table 2. Sequence divergence among the ten mitochondrial DNA haplotypes of

Apodemus agrarius from Korea (Upper right), on the basis of the number of commonand

different fragments (Lower left).

Sequence divergence (%)
a

Haplotypes Aacl Aac2 Aac3 Aac4 Aac5 Aac6 Aahl Aah2 Aah3 Aah4

Aacl - 1.1 1.3 2.3 2.8 4.3 1.6 1.6 2.4 2.8

Aac2 27/11 - 0.2 2.9 2.9 3.6 1.4 1.2 1.9 2.4

Aac3 26/13 32/2 - 3.3 3.3 3.6 1.7 1.4 2.2 2.6

Aac4 22/21 20/26 19/28 - 0.4 2.4 3.1 3.1 3.8 4.4

Aac5 20/25 20/26 19/28 31/4 - 2.4 2.5 2.8 3.4 4.0

Aac6 16/33 18/30 18/30 22/22 22/22 - 3.4 3.1 3.8 4.4

Aahl 24/15 25/14 24/16 19/26 21/22 18/28 - 0.2 0.8 1.4

Aah2 24/15 26/12 25/14 19/26 20/24 19/26 30/2 - 0.6 1.2

Aah3 21/21 23/18 22/20 17/30 18/28 17/30 27/8 28/6 - 0.6

Aah4 20/25 22/22 21/24 16/34 17/32 16/34 25/14 26/12 29/6 -

'Sequence divergences calculated according to Gotoh et al. (1979).

repeating units (repetype) of A. agrarius previously constructed by Suzuki et al.

(1990). Among the 26-27 restriction sites examined, these were an EcoRl site

in the spacer upstream of the 18S rRNA gene (Fig. 2a), an Aatl site in the

internal spacers, three were polymorphic both within and between individuals,

and a Dral site in the spacer downstream of the 28S rRNA gene. These kinds

of polymorphism were observed in both subspecies and thus were presumed to

have occured before subspecific differentiation. These polymorphic sites were

likely to have been subjected to random and independent fixation processes, as

observed in the natural populations of the Japanese field mouse, A. speciosus

(Suzuki et al. 1994). In contrast, polymorphism in a Sad site on the internal

spacers was consistently and specifically observed in the genomes of individ-

uals of A. a. chejuensis (Fig. 2b). Since the apparent differences between the

two subspecies are confined to this variation, it may be concluded that the A.

a. coreae and A. a. chejuensis have similar genomic constitutions, but have
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Fig. 3. Restriction maps of the major rDNA repetypes of Apodemus agrarius coreae and A.

a. chejuensis. With respect to the restriction sites on the flanking spacers, only those nearest

to the distal end of the genes for 18S and 28S RNAare shown. The top diagram shows the

conserved restriction sites in the coding and the internal spacer regions of the gene for 18S

and 28S RNA, which are not represented in the lower maps. Probe's positions are shown

with arrows. Asterisks indicate polymorphic sites within and between individuals. A=

Aatl; B= BamHl; D= Dral; E=EcoRI; G= $glII, H= #mdIII; ?=Pstl ; S= SacI; V=

Pvull: andX=Xbal

differentiated substantially from each other as far as rDNA-RFLP is con-

cerned.

2. Restriction -fragment patterns of mtDNA
Ten different haplotypes (Aac 1-6 and Aah 1-4) were found in this study

(Table 1), their banding patterns, from the Southern blot analysis, with the ten

restriction enzymes may be seen in Fig. 3c. There are distinct variations

within this species. In particular, individuals from the two offshore islands of

Jindo and Goeje, displayed different cleavage patterns from those from all

other localities.

To estimate the degree of sequence divergence between haplotypes, we
compared site differences between different mtDNA haplotypes. The
sequence divergence among mtDNA haplotypes can be estimated from the

number of common and of different restriction fragments observed (Table 2).

From estimates of the amount of sequence divergence, we constructed two

phylogenetic trees for mtDNAhaplotypes using both the UPGMAand NJ (Fig.

4a) methods. Additionally, by considering the presence or absence of each of

68 restriction fragments (Table 1), we were also able to construct a

phylogenetic tree by the maximum parsimony method (Fig. 4b). The topology

of the parsimony tree was identical to that of the UPGMAtree and almost

identical to that of the NJ tree. The ten haplotypes were clustered into four

groups ; Aac 1-3 from the Korean mainland, Aah 1-4 from Cheju-do, Aac 4 and

Aac 5 from Geoje Island, and Aac 6 from Jindo Island. In contrast with the

rDNA data, the mtDNA haplotypes of A. a. coreae were remarkably differ-

entiated, showing the greatest sequence divergence, of 4.3%, between Aacl and
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Fig. 4. NJ phylogenetic tree (a) and parsimony tree (b) for the ten haplotypes of mtDNA
from A. agrarius collected from the Korean mainland, and from Cheju, Geoje, and Jindo

islands. The bar below the NJ tree indicates 1% corrected sequence divergence. The
bootstrap percentages are given for the maximum parsimony tree. Abbreviations for ha-

plotypes are the same as in Table 1.

Aac6.

Discussion

From a molecular phylogenetic perspective, two conclusions can be drawn
from our analyses of RFLP of rDNA and mtDNA. Firstly, the results of RFLP
of nuclear rDNA suggest that the degree of genetic divergence within and

between the two Korean subspecies of striped field mice, A. agrarius coreae and

A. a. chejuensis, is low. Secondly, the results of the mtDNA RFLP revealed

the presence of several distinct mtDNAhaplotypes among the various popula-

tions, irrespective of their geographic distribution. These observations indi-

cate that Korean striped field mice have similar genetic backgrounds but may
have had a somewhat complex history.

From our examination of the rDNA data, we concluded that the extant

Korean populations of A. agrarius share a similar genetic background. Two
subspecies have become slightly differentiated from each other, but only one

restriction site (among the 26-27 examined) was observed as a Cheju-specific

variation. The new Sad site was observed in approximately half the rDNA
repeating units within the genomes of individuals of A. a. chejuensis. This

level of difference is smaller than that between the two mouse subspecies, Mus
musculus domesticus and M. m. musculus, in which four out of 20 sites examined

have differentiated substantially (Suzuki et al. unpublished data). Our conclu-
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sion, that the genetic backgrounds of the two Korean subspecies of A. agrarius

are generally similar though slightly differentiated, is consistent with the

conclusions of other authors. These two subspecies differ in body size (Jones

and Johnson 1965) and in their electrophoretic patterns of transferrin (Tsuchiya

1984), but they are similar in karyotypes (Tsuchiya 1984). Our conclusion is

also compatible with geographical evidence indicating that the final isolation

of Cheju-do, from the mainland of the Korean Peninsula, occurred only 10,000-

20,000 years ago (Park 1988, Ohshima 1990).

In contrast with the rDNA data, cleavage patterns of mtDNAby restriction

endonuclease digestion, revealed unexpected patterns. It was found that the

Korean populations of A. agrarius contain several distinct mtDNAhaplotypes,

as shown in Tables 1 and 2. Koh et al. (1993), working with populations from

the Korean mainland, have also observed considerable differentiation in

mtDNAhaplotypes, ranging from 0.2% to 2.3% sequence divergence. Interest-

ingly, our data revealed that the haplotypes of individual mice from the two

offshore islands of Jindo and Geoje, were distinct from those of the mainland,

even though these islands are geographically close to the mainland and thought

only to have been finally isolated from the Korean Peninsula within the last

10,000 years (Park 1988). The divergence between the two different groups of

mtDNA is very large, with sequence divergence of up to 4%, corresponding to

divergence times of 1-2 million years, if the evolutionary rate of mtDNA is

accepted to be 2-4% per million years (Wilson et al. 1985). It is not clear why
such highly differentiated mtDNA haplotypes exist, in particular, on the off-

shore islands, however, there appear to be two possible explanations. Firstly,

1-2 million years ago may have already become differentiated ancestral

Korean populations of A. agrarius and their distinctive mtDNA has merely

been maintained on the offshore islands which were periodically isolated during

the last ice age. During each period when the islands were connected to the

Korean mainland, mtDNAhaplotypes may have been mixed among individuals

from the whole area of the Korean Peninsula, and then during subsequent

isolation, just one mtDNA haplotype may have become fixed on each of the

offshore islands. Korea has many such offshore islands and thus there are

many opportunities to maintain many haplotypes of mtDNA. Secondly, it is

possible that some of the distinct haplotypes may have migrated from other

regions of the world. A. agrarius is so widely distributed that individuals from

other areas may have been able to contribute to the accumulation of such

extensive heterogeneity of mtDNA in Korea. Although we do not have suffi-

cient data on mtDNAhaplotypes from other pairs of the world, our preliminary

investigations show, however, that these Korean haplotypes are not related to

any mtDNA from individuals collected from China, Taiwan, Russia, or Ger-

many (Suzuki et al. unpublished data). Thus, it seems most likely that the

distinct haplotypes observed in Korea were generated there during the last ice

age.

Another interesting issue is the amount of heterogeneity of mtDNA from

Cheju-do. The mtDNAhaplotypes from Cheju-do were related to one another,
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but showed relatively high sequence divergences of up to 1.4% (Aahl and Aah4
;

Table 2). The results indicate that mtDNA started diverging at least 0.4-0.7

million years ago. Because these forms of mtDNA are absent from the other

Korean localities examined so far, it is strongly suggested that A. agrarius was
already distributed on Cheju-do, and probably also on the Korean Peninsula, at

least by the middle of the Pleistocene. It remains uncertain, however, how
such divergent mtDNA haplotypes have survived on this small island of just

1819 km2
. Distinct haplotypes were even found at the same collection points,

and a particular haplotype was found at several different localities. For

examples, haplotype Aah 2 was collected at localty 6 (980 m above sea level)

and at locality 8 (1700 mabove sea level) on Mt. Halla (see Fig. 1). Thus, it

may be concluded, that there are no significant biogeographic barriers on

Cheju-do, and that no significant "bottle-neck event" has occurred in popula-

tions of A. a. chejuensis during the last half million years.

In general, mtDNA phylogeny does not always reflect the true phylogeny

of either populations or species. As found in this study, mtDNA from Korean

A. agrarius also showed such intrinsic patterns without consistency, either in

the time of divergence or in geographic distribution. Our data may, however,

provide some clues as to the reasons for the high degree of intra-specific

mtDNA differentiation. In the case of Korean A. agrarius, the intrinsic geo-

graphic distribution of the mtDNA haplotypes may be due to the random
dispersion of mtDNA which diverged many millenial ago, furthermore, the

existence of numerous offshore islands around South Korea may have helped

maintain such differentiated mtDNA. In order to clarify this issue, further

examinations of samples collected from Korea, as well as samples collected

from other countries are necessary.
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